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INTRODUCTION 
Ultrasonic nondestructive evaluation (NDE) techniques for characterizing material 
properties in manufactured products are becoming valuable tools for detecting anomalies 
early in the manufacturing process. In particular, a system for on-line characterization of 
the microstructure in rolled sheet metal is already available for predicting formability 
parameters [l}. Other key mechanical properties that are very sensitive to the 
microstructure such as yield strength and hardness are currently being measured off-line 
using slow and expensive destructive tests. As on-line techniques become available, it 
will become possible to detect sub-standard properties before large quantities oflow 
grade material were produced. 
Electromagnetic acoustic transducers (EMA Ts) are particularly well-suited to the 
on-line monitoring task not only because of their non-contacting nature but also because 
they enable the selective generation of particular Lamb wave modes that may have 
special sensitivity to particular microstructural features [I] . Considerable work has 
already been done to correlate ultrasonic wave velocity measurements with the preferred 
grain orientation or texture in commercial metal sheets [2,3] and theoretical models to 
give a quantitative foundation for this work have been verified by neutron and x-ray 
diffraction [4,5]. In this paper, the focus is on establishing a technique for measuring all 
nine of the elastic modulus tensor elements from one face of a sheet or plate in a rolling 
mill environment where specimens with particular geometries cannot be easily 
fabricated and off-line, destructive measurements are too slow. A secondary objective of 
this study is to assess the accuracy of the modulus values obtained in this manner with 
emphasis on those cases in which simplitying approximations made in previous studies 
are no longer valid. Copper and brass are used so that a large elastic anisotropy factor 
must be taken into account. By using rolled plate stock with a thickness near 3 mm, 
thickness-to-wavelength ratios approaching unity must beaccomodated The range of 
validity of the approximations used in previous studies extend only up to a value of 0.3 
for this ratio [6]. More important, however, a 3 mm thickness is sufficient to allow 
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conventional ultrasonic pulse-echo, resonant bar and resonant ultrasonic spectroscopy 
techniques to be used in order to obtain accurate values for the nine elastic moduli by 
other techniques. Thus, the values obtained by the EMA T /Lamb wave technique can be 
compared with other methods. 
THEORY 
In general, rolled sheet metal products are orthotropic materials which can have 
up to nine independent elastic constants. The principal axes can be identified as the 
rolling direction (1), the transverse direction (2), and the through-thickness direction (3). 
If the material is made up of cubic crystallites and is macroscopically homogeneous, it 
has been shown that only five properties of the polycrystalline aggregate need be known 
in order to define the nine elastic moduli [7]. These five parameters are: two angle- . 
averaged Lame constants, A. and ~ (which would fully describe the test specimen if the 
grains were randomly oriented), and three Orientation Distribution Coefficients ( w 400, 
W 420, and W 440) which describe the preferred orientations or texture of the grains in the 
material. Sayers [7] has derived expressions for all nine elastic constants in terms of 
these five parameters plus an anisotropy parameter c which can be calculated from the 
three single crystal moduli of an individual grain. These expressions are: 
C =A.+2 +(12fic7r2)[w _(2JiOlul +(J70)w ] 
II J.l 35 400 3 r· 420 3 440 (I- ) 
C 22 = Cll + (3~~2) W420 (Ib) 
Cn = A. + 2J.l + ( 32~C7r2 ) W 400 (Ie) 
C = A. _(16/iC7r2 )(w +.J5ii w ) 
23 35 400 420 (Id) 
( 32c 7r 2 ) C 13 =C 23 + 7.J5 W 420 (Ie) 
C = A. + (4..fiC7r 2 )(w -.J70 w ) 
12 35 400 440 (If) 
(1&) 
( Ib) 
(Ji ) 
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Li and Thompson (6) and Hirao et al (2) have developed an approximate scheme for 
using measurements of the phase velocity of certain Lamb waves propagating in the 
plane of the sheet to determine the stiffiless matrix elements Cij if the thickness is much 
smaller than the wavelength. Their scheme requires theoretical values of the Lame 
constants A. and ~ which depend on whether one adopts a constant stress (Reuss) or 
constant strain (Voigt) averaging model for crystallites in a macroscopic specimen. Our 
challenge in this paper is to avoid the approximations associated with averaging 
procedures by treating the Lame constants A. and ~ as quantities to be deduced from wave 
velocity measurements along with W 400, W 47JJ, and W 440. Thus, we will need at least five 
wave velocity measurements to deduce the nine elastic moduli although more accuracy 
can be obtained by making more velocity measurements. 
CHOICE OF WAVE MODES. 
There are inherent limitations to the accuracy of measurement of phase velocities 
ofstrongIy dispersive plate waves [6,9]. However, there are five non-dispersive_wave 
modes that can be generated readily with an EMA T. Four of these modes lead directIy to 
an explicit equation for one elastic constant These are: (1) the through-thickness 
compressional wave velocity which directly yields C33 (= P V 2); (2) the through-
thickness shear wave velocity polarized along the rolling direction which directly yields 
Css ; (3) the through-thickness shear wave velocity polarized along the transverse 
direction which directly yields C44 and (4) the SH., mode velocity along either the rolling 
or transverse directions which directIy yields 46. A fifth nondispersive mode that is 
easily measured with an EMAT is the SH., wave propagating at 45 degrees to the rolling 
direction. Its phase velocity can be used to estimate the stiffness coefficient CI2 from the 
relationship 
VSI{o(45j1 VSHJ:O~ = (CJI+Cn )l8Cc,,; - CJ2/4C(,6 - (Cn-Cn)2/8C33Cc,,; + 112 (2) 
because the term on the right hand side ofEq. (2) that contains the difference between 
Cn and C23 can be neglected for materials that are macroscopically close to being 
isotropic. Furthermore, for nearly isotropic polycrystals, the term (C lI + C22 )/2 can be 
approximated by C33 . 
In order to obtain values for the remaining moduli, C lI, C 22, Cn and C23 the 
phase velocity of dispersive Lamb waves must be measured .. Li and Thompson [6] point 
out that if the product of plate thickness b and wave vector magnitude 13 is less than 0.15 
(thickness to wave length ratio < 0.03), simple and accurate relationships between the 
Lamb wave velocities and the Cij matrix elements can be obtained. For this project, 
however, the plate thicknesses were approximately 3 mm and the wave lengths ranged 
from 3 to 9 mm. Thus, our I3b values ranged from approximately 2 to 6 and Lamb wave 
dispersion equations derived specifically for orthotropic materials had to be used without 
approximations to determine the stiffness constants. Habeger et al [10] have shown that 
the phase velocity of Lamb waves propagating along the I axis depend only on the four 
moduli CIl, C33, Css, and Cn while waves propagating along the 2 axis depend only on 
the elastic constants C 22, Cn , C23, and C44. 
EXPERIMENT 
Three samples of rolled copper and brass sheet were obtained from the Olin 
Corporation. Some of their physical properties are shown in Table I. The densities 
listed were measured on samples cut from each sheet by using Archimedes principle. 
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Table I: Physical Properties of the Rolled Sheets Used in this Program. 
Property CllOCopper CUOBrass C130 Brass 
Nominal wt"AI Zinc 0 5% 15% 
density p (kg/m3) 8903±O.I% 8852 ±O.l% 8730±O.l% 
average thickness b (mm) 3.144±O.2% 3.002 ±O.2% 3.092 ±O.2% 
approx planar dimensions (mm) 230x250 230x 300 280x 280 
The thickness of each sheet was measured by a micrometer to within I part in 400, and 
were found to vary by up to ± 0.3% over the central area of the sample in which the 
ultrasonic measurements were performed. Microstructural analysis of each sheet 
indicated no significant variation in grain structure through the thickness, although there 
appeared to be significantly more cold work in the ClIO copper sheet than in the two 
brass alloys. 
The ultrasonic waves used for measurements on the sheets were excited and 
detected by EMA Ts. These transducers consist of a coil of wire held near the surface of 
the material under study and a magnet to flood the area around the coil with a magnetic 
field. A detailed description ofEMATs can be found in the review article by Thompson 
[II]. For our experiments, NdFeB permanent magnets were used to supply the magnetic 
fields. The coils were in the shape of flat race tracks or meander lines. By placing a 
race track coil between two permanent magnets so that the field was parallel 
to the surface of the sheet and perpendicular to the long dimension of the race track coil, 
longitudinal waves were excited with wave vectors perpendicular to the surface of the 
plate. If the magnets were placed on top of the race track with opposite polarities over 
each of the long sections of the coil, a shear wave polarized perpendiculer to the long 
dimension of the coil and propagating in the thickness direction was produced. If a row 
of small permanent magnets with alternating polarities was placed on top of the long 
dimension of the race track coil, a horizontally polarized shear wave (SH wave) was 
generated with a wave length equal to twice the width of each individual magnet. If a 
single magnet is placed on top of a meander coil with a spacing d between adjacent 
wires, a Lamb wave with a wavelength of 2d propagating in the plane of the sheet was 
generated. By tuning the electronic instrumentation connected to the coil to the 
frequency of a Lamb wave mode with that wave length, the the phase and group 
velocities of that particular mode were measured. 
RESULTS 
For the waves that propagate perpendicular to the surface, the most convenient 
technique for measuring the phase velocity was to determine the frequency of standing 
waves in which the thickness is equal to a half integral number of wavelengths. Then, 
the phase velocity V p = fA. = 2IT where f is the frequency of resonance and T is the sheet 
thickness. To determine the resonant frequency, a transmitter and a receiver EMAT 
were placed on opposite sides of the sheet so that they were coupled together by the 
ultrasonic wave propagating through the thickness dimension. At the resonant frequency, 
the coupling was observed to be at a maximum 
For measuring the phase velocity of waves propagating in the plane of the sheet, 
a separate transmitter and receiver EMA T were mounted on a manual screw-driven 
translation stage in such a way that their separation distance could be changed in an 
accurately controlled manner. By observing the change in arrival time of a phase feature 
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in the received signal (a particular zero crossing) as the separation distance between 
transmitter and receiver was changed, the phase velocity could be determined from the 
slope of the graph of distance versus time. The dispersive nature of the Lamb waves 
produced significant complications to the time-of-flight measurements because the zero-
crossing that was originally near the center of a wave packet would gradually move to the 
edge of the packet as the transmitter-to-receiver distance was increased by the translation 
stage. This problem could be minimized by selecting wave modes and values of pb such 
that the phase velocity was close to the group velocity. In the end, four independent 
Lamb wave measurements were selected for investigation. So and AI modes 
corresponding to Pb == 2 were generated by EMA Ts with a meander coil period of 10.2 
mm. So and Ao modes corresponding to pb == 6 were generated by EMA Ts with a 
meander coil spacing of 3.0 mm. Time-of-flight data corresponding to each ofthese four 
modes were collected along the 1 and 2 axes of each of the three plates. These data were 
used to calculate the phase velocities. 
DATA ANALYSIS 
The through-thickness resonance data hold the distinct advantage that each 
measurement of a fundamental resonant frequency leads directly to an explicit expression 
for a single stiffness constant. Values for Cn , C44, and C55 were obtained by multiplying 
the plate density by the appropriate value of bulk wave phase velocity squared. The final 
results yielded the values for these three moduli listed in Column 2 of Table 2. The 
uncertainties listed in these moduli were computed from a combination of the fractional 
uncertainties for the associated phase velocities, plate densities, and plate thicknesses. 
Note that these uncertainties are 0.4% or less. 
In order to determine values for elastic constants from the Lamb wave velocity 
measurements, the dispersion relations for Lamb wave propagation along principal axes 
given by Habeger, et al [lO) were used. For propagation along the I axis, the relations 
are implicit functions of the moduli C I t. C ll, C33, and C55. To determine CIl and Cll, 
values for Cn and C55 from the results of the resonance tests were considered to be exact 
while CIl and Cll were iteratively adjusted using a statistical software package to 
minimize the residuals in the dispersion relation for each of four Lamb wave mode 
velocities measured in the rolling direction. Initial estimates ofC n and CII were based 
on textbook data for isotropic copper and brass. The resulting final estimates for C 13 and 
CII are shown in Table 2. Bya similar procedure applied to the four lamb wave velocity 
measurements in the 2 direction, values for C22 and C23 were obtained. The estimated 
uncertainties for these indirectly measured moduli were determined by a Monte Carlo 
technique, in which the input parameters to the Habeger dispersion equations were 
randomly varied about their estimated values by the uncertainties in the individual 
measurements. Table 2 shows that the uncertainties in these four moduli are 2% or less. 
Having determined values for seven of the nine elastic constants from the 
through-thickness resonance and Lamb mode data, SI{, time-of-flight measurements 
were used to find C66 and C l2 by the explicit formulas described earlier. Values for these 
two moduli and their associated uncertainties are listed in Column 2 of Table 2. The 
uncertainty in C l2 is rather large because it includes the uncertainties in the indirectly 
measured moduli CII, C22, Cn and C23 . Colwnns 3 and 4 in Table 2 list values for the nine 
moduli of the three samples determined by Resonance Ultrasonic Spectroscopy (RUS) 
measurements performed at the National Institute for Standards and Technology (NIST) 
in Boulder and at Colorado State University in Fort Collins [12]. Conventional pulse-
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Table 2: Stiffness matrix elements for three copper-brass samples (units ofGPa). 
Reference values were determined by Resonant Ultrasonic Spectroscopy (RUS), and a set 
of pulse echolMarx oscillator measurements (PE:MO) [12]. 
EMA T Results Reference values Discrepancy 
PE:MO RUS RUS EMAT - PE:MO 
'" JOO~,. 
(NIST) (CSU) EMATresult 
ClIO Copper 
CII 204.3 + 1.9% 199.5 202.2 201.8 2.4% 
C22 202.1 ± 1.9 202.0 200.1 200.9 0.5 
C33 197.4 + 0.4 196.5 203.1 198.6 0.5 
C23 108.8 ± 2.0 107.8 110.4 112.4 0.9 
Cu 114.0 ± 2.1 109.3 115.0 109.3 4.3 
C12 110.4 + 3.4 109.7 109.6 109.6 0.6 
C44 45.38 ± 0.3 45.46 45.46 45.58 -0.2 
C55 45.90+ 0.3 45.94 45.67 45.76 -0.1 
C66 45.53 ± 0.15 45.30 45.57 45.41 0.5 
C2IO Brass 
CII 201.3 ± 1.4% 204.2 203.4 202.3 -1.4% 
C22 203.4 ± 1.5 204.5 197.0 200.8 -0.5 
C33 196.6 + 0.4 195.5 195.6 196.9 0.6 
C23 103.7 ± 2.1 101.9 99.89 103.8 1.8 
Cu 104.9 + 1.7 103.2 105.4 105.8 1.6 
C I2 100.3 ± 3.0 104.9 95.65 98.05 -4.4 
C44 41.95 + 0.3 41.99 41.87 41.66 -0.1 
C55 45.45 ± 0.3 45.33 45.40 45.17 0.3 
C66 43.06 ±0.15 46.13 43.34 42.90 -6.7 
C230 Brass 
CII 193.7+ 1.2% 195.0 nlavail. 192.2 -0.7% 
C22 194.5 + 1.1 192.0 nlavail. 191.6 1.3 
C33 192.0 + 0.6 190.5 nlavail. 191.8 0.8 
C23 103.7 + 1.5 102.5 nlavai\. 102.5 1.2 
C n 100.3 ± 1.6 100.9 nlavail. 99.56 -0.6 
Cl2 101.7± 102.4 nlavail. 99.54 -0.7 
C44 46.77 + 0.3 46.79 nlavail. 46.81 -0.04 
C55 44.21 + 0.3 44.40 nlavail. 44.37 -0.4 
C66 43.41 +0.15 43.63 nlavail. 43.63 -0.5 
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echo measurements of some Cij combined with resonant bar measurements using a Marx 
oscillator were performed at NIST (Boulder) to produce the nine modulus values listed 
in Column 5 of Table 2. 
There is appreciable variation among the results achieved by the four different methods, 
particularly for the off-diagonal Cij elements for which none of the four techniques has a 
direct method of measurement. Of all the techniques included in Table 2, the pulse echo-
Marx oscillator (PE:MO) technique has the most extensive history and is adopted as the 
"reference" to construct Column 6 of Table 2. This column lists the deviation between 
the EMA T values and the "reference" values expressed as a percent. The discrepancies 
are typically of the order of 0.5% for the shear moduli, 1% for CII, C22, and C33 and 2% 
for the off-diagonal elements. 
CONCLUSIONS 
Values of the nine elastic constants have been determined on three thick samples 
of orthotropic sheets of copper alloys, using an over-determined set of non -contact 
ultrasonic velocity measurements made from one side of the sheet. Values ofC l1 and C22 
were determined with a standard error of 1 % to 2% while C33, C44, Css and C66 could be 
determined with a standard error no larger than 0.6%. The off diagonal moduli C12, C13 
and C23 were determined with a standard error of 3% to 4%. Measurements made by 
conventional destructive and contacting methods on the same materials agree with the 
values obtained here by nondestructive and noncontact methods to within these 
uncertainties except for the modulus C66 of the C21 0 brass sample. The origin of this 
single discrepancy is unknown at this time. 
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